The correlated couple of electrical and thermal property is the challenge to realize a substantial leap in thermoelectric materials. Synthesis of semiconductor and metal composites is a significant and versatile design strategy to optimize the thermoelectric performance driven by tailored interface between nanoinclusions and matrix. In this study, we present the simultaneous increase of electrical conductivity and Seebeck coefficient, and reduction of thermal conductivity in Sb2Te3 -Au system.
Introduction
Thermoelectric (TE) materials can realize the mutual conversion between electric energy and thermal energy based on Seebeck effect and Peltier effect. 1 To make TE materials into practical 2 application, the efficiency is determined by the dimensionless figure of merit ZT, defined as ST  are the Seebeck coefficient, electrical conductivity, thermal conductivity and absolute temperature, respectively. So an ideal TE material with large Seebeck coefficient, electrical conductivity and low thermal conductivity is the target that researchers persist to pursue. However, ZT still remain around 1 owing to the trade-off between the three TE parameters. Since Hicks and Dresselhaus predicted the low-dimensional materials, such as quantum wire and quantum well, exhibited low thermal conductivity and enhanced TE performance, 2, 3 researchers' interests have been rekindled. Nanostructuring and low dimensional approach has been proven to be an effective strategy to improve ZT via enhancing boundary scattering of phonons to dramatically decrease the lattice thermal conductivity. [4] [5] [6] [7] [8] Recently, Biswas et al. proposed a panoscopic approach to fabricate all-scale hierarchical architectures by taking advantages of endotaxial nanostructuring, mesoscale grain boundaries and atomic scale substitutional doping in p-type PbTe. The ZT value of ~2.2 at 915 K revealed the role of the nanostructuring in controlling phonon transport of bulk thermoelectric materials. 9 Solution synthesis is a scalable bottom-up chemical route to design nanostructured grains with controlled composition, sizes and morphologies. [10] [11] [12] [13] [14] [15] Various nanostructures, such as nanoplatelets, nanowires, and nanotubes have been fabricated through this low-cost and facile process. Through the application of chemical synthesis, Lei Yang et al. fabricated Cu2Se nanoplates, 16 Yuho Min obtained Bi2Se3 and Bi2Te3 nanoplates, 17 Qun Wang designed PbTe nanowire with branched nanorods, 18 Sook Hyun Kim prepared Bi2Te3 nanotubes by the interdiffusion of Bi and Te metals. 19 Though such nanostructured materials exhibiting low thermal conductivity owing to scattering phonons from numerous grain boundaries and interfaces, the electrical conductivity is also 3 deteriorated arising from carriers being simultaneously scattered and suppressed. Thus, the solution derived bulk materials usually show a low ZT value compared to that by ball milling and hot pressing approaches due to the low power factor. Ajay Soni et al. reported the chemically synthesized Bi2Te3 nanoplatelets, exhibiting the maximum ZT of 0.1 at 300 K. 14 How to enhance the electrical conductivity of the solvothermal method fabricated TE materials with augment performance is a tough issue to be addressed. Developing multi-phase composite is an emerging effective strategy to improve the property in solution processed TE materials. 20 Theories have proven that the second phase, when integrated at proper length scale, can be shorter than the phonon mean free path but longer than that of electron, thus resulting in simultaneously scattering the heat carrying phonons and favoring the transport of the carriers. However, when choosing semiconductor or oxides as the embedded NPs into the TE matrix, the electrical property is negatively affected owing to the carriers scattering by the incorporated NPs. 21 Li-Dong Zhao et al.
studied the effects of nanostructured SiC nanoparticles (NPs) on the thermoelectric performance of n type Bi2Te3, the NPs dispersed composites exhibiting increased Seebeck coefficient and decreased electrical conductivity. 22 Incorporation of metal nanoparticles with controlled sizes into the semiconductor matrix, forming a metal-semiconductor heterostructure, is an effective way to optimize the electrical property and increase ZT values. 23, 24 When the size and distribution ratio is suitable tuned, the introduced metal can simultaneously increase the electrical conductivity through optimizing the carrier concentration and enhance the Seebeck coefficient based on the low energy electron filtering effect in which electrons with low energy are selectively filtered by the bending band between the interface of nanoparticle. 25, 26 Qihao Zhang et al. fabricated a hierarchical two-phased heterostructure by exotically introducing silver nanoparticles into Bi2Te3 matrix, resulting in an improvement of power factor due to the excellent electrical transport property of Ag 4 and enhanced Seebeck coefficient. 27 However, silver is apt to be oxidized when exposed in air. In comparison gold is an alternative metal beyond silver to hybrid into TE matrix to obtain high TE performance and good stability. The gold nanoparticles (Au NPs) with defined nanostructures have excellent electrical conductivity, stability, high aspect ratio and large surface areas, which is widely applied in areas of biosensing, phononics and electrics, etc. a whole, which contribute to increasing the electrical conductivity, enhancing the Seebeck coefficient and reducing the thermal conductivity at the meantime. Consequently, a maximum figure of merit of ZT reaches 0.8 for the sample containing 1% Au NPs, which is 180% enhancement compared to 0.38 for the pristine Sb2Te3.
Materials and methods

Synthesis method
In a typical synthesis process, Sb2Te3 nanoplatelets were fabricated via solvothermal method with a stoichiometric of K2TeO3, SbCl3, NaOH and polyvinylphrrolidone (PVP) boundary scattering also makes contributions to the reduction of e  . As a consequence, the lattice thermal conductivity is dramatically decreased, reaching the lowest value 0.12 Wm -1 K -1 at 523 K, which is reduced by 61% with respect to the pure phase. In order to further explore the effect of boundary and interface on reducing thermal conductivity in Au@Sb2Te3 composites, we make a calculation of thermal conductivity by using the lattice thermal conductivity of the pristine Sb2Te3, which ignore the role of interface scattering. A comparison of thermal conductivity is made between the experimental and calculated results (shown in Fig. S3 ). The results indicate that experimental thermal conductivity is far below the calculation results, owing to interface and grain boundary scattering. The distribution of Au nanoparticles are depicted in Fig. 5a and 5b. A small amount of Au nanodots are scattered on the Sb2Te3 host, which are nanocrystal building blocks to hinder the transport of electrons and phonons, thus decreasing the electrical conductivity and thermal conductivity. When the Au nanoparticles increase to the threshold value, some Au nanodomains are connected together as electron path, which inject carriers to the Sb2Te3 matrix. This is why the Au@Sb2Te3 composites present a monotonous increase trend in electrical conductivity when the Au content rises above 1%. Figure 5c shows the compacted Au@Sb2Te3 pellets fabricated by spark plasma sintering. The doped Au nanoinclusion results in the bend of Sb2Te3 band structure (Fig. 5d ).
Sb2Te3 is a degenerate semiconductor, whose Fermi level is exactly located inside the valence band.
The working function This heterostructure can effectively scatter heat-carrying phonons, thereby leading to a low thermal conductivity. More interestingly, the carriers are not significantly affected. At the optimal Sb2Te3/Au ratio, the electrical conductivity is increased to some extent. This is due to the compensation of the electron injection from Au NPs.
How the thermoelectric performance of the composites increase with the concentration of Au at 523 K is present in Fig. 7 . The simulation of electrical conductivity, Seebeck coefficient, thermal conductivity and ZT value is applied using the classical percolation power law as shown in Fig. 7 a-d. The percolation threshold is estimated with this law 34, 35 :
, where  is the thermoelectric parameter of Au@Sb2Te3 heterostructure, 0
 is the thermoelectric parameter of Sb2Te3 matrix, f is the molar ratio of Au at the threshold, Au f represents the molar ratio of Au@Sb2Te3 composite and q is the power law exponent. The best fit of the electrical conductivity to the percolation theory gives the electrical percolation threshold of 0.67%, which indicates the turning of electrical conductivity for the composites upon 0.67% molar ratio of Au. This result is in consistent with the experimental data, in which the electrical conductivity have a slight decrease at 0.5%, afterwards increase with the concentration of Au. In the same way, the fitted threshold of Seebeck coefficient is 1.2%, predicting the optimal Seebeck coefficient of the composite reach at 1.2% Au. This trend is obviously observed in Fig. 7b with the experimental data and simulation coincident. The addition of Au with moderate ratio induces an energy filtering barrier between Sb2Te3 and Au which scatters the carriers with low energy and benefits to the enhancement of Seebeck coefficient. We also take the percolation simulation on the thermal conductivity, which has a threshold value of 2.1%. The incorporated Au NPs can simultaneously scatter the carriers and phonons, thus resulting a decrease of thermal conductivity. However, this would be offset by the 16 increase of e  with the addition of Au due to the increase of electrical conductivity. The turning point of thermal conductivity depends on the concentration of Au.
Significantly, the percolation theory gives a well assess of the optimal concentration of Au. As a consequence, a percolation threshold of 1.2% is obtained for ZT value as shown in Fig. 7d . The fitted results demonstrate the optimization of thermoelectric performance is obtained at low ratio of Au, which agrees well with the experimental data.
Conclusion
In summary, Au@Sb2Te3 heterostructures have been synthesized in a scalable and controlled solution method. The Au NPs exhibited a distribution of 10 nm, which uniformly dispersed on the Sb2Te3 nanoplatelets to form Au-Sb2Te3 heterostructures. The ratio of the mixing Au NPs is tuned to achieve simultaneous enhancement of electrical conductivity and Seebeck coefficient. Meanwhile, the thermal conductivity is effectively decreased owing to the scattering phonons by the incorporated Au NPs. As a consequence, ZT of the composite with 1% Au reaches the optimal value 0.8 at 523 K. Percolation theory predicted that thermoelectric performance of Au@Sb2Te3 heterostructures can be optimized by the concentration of incorporated Au. This provides an optional manufacturing technique to design multiphase TE materials with high conductive metal for excellent thermoelectric materials.
